This study evaluated the light intensity of light-emitting diode (LED) units and the effects of five laboratory polymerization units on hardness and flexural strength. Two indirect composite materials (Cesead N and Solidex Hardura) were polymerized with five units (α-Light II, Hyper LII, LED Cure Master, Twinkle LED, and α-Light V). The light intensity of the devices was measured with a spectroradiometer. After light exposure, Knoop hardness number, flexural strength, and elastic modulus were determined. Evaluation of light intensity, using a wavelength range of 400 to 500 nm, revealed that the α-Light V and Hyper LII units had the highest light intensity. For the top surface of the two composites, the Knoop hardness number was significantly higher for the α-Light V and Hyper LII. For the two composite materials, flexural strength did not differ among the five polymerizing units. The present results indicate that the Cesead N and Solidex Hardura composites can be adequately polymerized with laboratory LED units.
Introduction
Indirect composite materials are widely used for fabricating dental restorations. Advances in composite materials have increased the clinical success rate and addressed many of the disadvantages of conventional materials. Laboratory polymerization units have also been improved in order to satisfy the needs of indirect composites (1) , and the properties of indirect composites are affected by the type of polymerization system used (2) (3) (4) . The presence of residual monomer in the composite matrix adversely affects the mechanical properties of composite materials. The mechanical properties of composites, such as hardness and flexural strength, are largely related to the monomer conversion rate. To ensure long-term durability of indirect composites, the conversion rate of monomers in the polymerization of composites must be increased. To polymerize composites, several light source polymerization units are available, including xenon arc sources and quartz-tungsten-halogen lamp-based, metal halide lamp-based (1) , and lightemitting diode (LED)-based units (5) (6) (7) (8) (9) .
A laboratory polymerization unit equipped with blueviolet LED light sources was recently developed. LED light sources have a longer life than conventional light sources, such as quartz-tungsten-halogen and metal Journal of Oral Science, Vol. 61, No. 1, [178] [179] [180] [181] [182] [183] 2019 Original
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Hideyuki Imai 1) , Hiroyasu Koizumi 2,3) , Akihisa Kodaira 4) , Kentaro Okamura 4) , Shunsuke Akahane 4) , and Hideo Matsumura 5) halide lamps. The manufacturers of indirect composite materials, however, recommend the use of proprietary and conventional polymerization units for laboratory polymerization. Thus, few studies have assessed the effects of newly developed laboratory polymerization LED units on the post-cure mechanical properties of indirect composites. This study therefore evaluated the light intensity of LED units and the effects of five laboratory polymerization units on hardness and flexural strength.
Materials and Methods

Materials and polymerization units
The materials used are summarized in Table 1 . Two indirect composites were selected. The manufacturers describe them as an aesthetic material for resin-veneered restoration (Cesead N, Kuraray Noritake Dental Inc., Tokyo, Japan) and a metal-free restoration material (Solidex Hardura, Shofu Inc., Kyoto, Japan). Cesead N consists of urethane dimethacrylate monomers, prepolymerized fillers, barium glass, silica, and photoinitiator, while Solidex Hardura consists of urethane dimethacrylate monomer, prepolymerized fillers, silica, and other components. The A2 shade for the dentin portion was selected for this study. Five light-polymerization units were assessed, and the details of the units are summarized in Table 2 . LEDs are used as light sources in three units (LED Cure Master, Yamamoto Precious Metal Co., Ltd., Osaka, Japan; Twinkle LED, Toho Dental Products, Saitama, Japan; and α-Light V, J. Morita Corp., Suita, Japan).
Light intensity
The light intensity of the five units was measured with a spectroradiometer (USR-40D, Ushio Inc., Tokyo, Japan). The distance between the light receiving sensor and each light source is shown in Table 3 . All measurements were performed five times. Light intensity was measured at wavelengths of 280-780 nm and 400-500 nm.
Knoop hardness number
A piece of plastic film and a stainless-steel mold (10 mm in diameter and 2.4 mm in height) were placed on a glass plate, and the composite material was packed into the mold. Pressure was applied to a thin plate glass and the plastic film during polymerization of the composite. The composite was polymerized according to the exposure durations described in Table 2 .
After polymerization, the top and bottom surfaces of each specimen were wet-ground with silicon carbide papers (WetorDry Tri-M-ite, 3M Corp., St. Paul, MN, USA) and then polished with fabric and diamond suspensions (3 µm and 1 µm, MetaDi monocrystalline diamond suspension, Buehler Ltd., Lake Bluff, IL, USA). All polished specimens were confirmed to have a uniform thickness of 2.0 ± 0.1 mm and then stored in distilled water at 37°C. After 24 h, the Knoop hardness number (KHN) was determined with a microhardness tester (HMV-1, Shimadzu Corp., Kyoto, Japan) by applying a 245.2-mN load for 30 s. Five specimens were tested for each combination of composite type and light polymerization unit. To determine the percentage depth of cure, the bottom mean KHN value was divided by the top mean KHN value, and the result is expressed as a percentage (7) .
Flexural strength and elastic modulus
Rectangular specimens (nine per group) for the threepoint flexural strength test were prepared by using a stainless-steel mold (25.0 × 2.0 × 2.0 mm). After filling the mold to excess, the material surface was covered with a transparent matrix strip and thin plate glass and compressed under a 5-N load to extrude excess material. The specimens were light-activated with the five polymerization units shown in Table 2 . After photoirradiation, each specimen was wet-polished with a 1,500-grit paper. The dimensions of the specimen were measured with a caliper (Digimatic Caliper CD67-S PM, Mitutoyo Corp., Kawasaki, Japan), after which the specimens were stored in distilled water in a container at 37°C for 24 h.
Flexural strength and elastic modulus were measured with a mechanical testing machine (Type 5567, Instron Corp., Canton, MA, USA). A progressive central vertical load was applied at a constant speed of 1.0 mm/min. The distance between the lower supports was 20.0 mm.
Statistical analysis
Normality of the data distribution and homogeneity of variance for each composite type and the five light polymerization groups were first verified by using the Kolmogorov-Smirnov test and Bartlett test (GraphPad Prism 7.0, GraphPad Software Inc., La Jolla, CA, USA), respectively. When the results of the Bartlett test showed equality variance, one-way ANOVA and the Tukey HSD test were performed. If the results of the Bartlett test did not show homogeneity for light-polymerization unit categories, nonparametric procedures were used (Kruskal-Wallis test and Steel-Dwass multiple comparison test). Differences between the Cesead N and Solidex Hardura materials were analyzed with the Mann-Whitney U test. The level of significance was set at α = 0.05.
Results
Kolmogorov-Smirnov and Bartlett tests of the results of light intensity (400-500 nm), KHN, and flexural strength of Solidex Hardura yielded P values greater than 0.05. The results were therefore analyzed with one-way ANOVA and the Tukey HSD test. In contrast, the results of light intensity (280-780 nm) and three-point flexural strength testing, excepting the flexural strength result for Solidex Hardura, were analyzed with the Kruskal-Wallis and Steel-Dwass tests. Table 3 shows the light intensity values for the five polymerization units, and their spectral irradiance graphs are shown in Fig. 1 . Light intensity evaluation at a wavelength range of 280-780 nm revealed that the α-Light II, α-Light V, and Hyper LII units had the highest light intensities of the five units (category C, Table 3 ), whereas the LED Cure Master unit had the lowest light intensity (category A). Light intensity evaluation at a wavelength range of 400-500 nm showed that the α-Light V and Hyper LII units had the highest light intensities (category G) and that the LED Cure Master had the lowest light intensity (category D).
Light intensity
KHN and percentage depth of cure
Microhardness values and percentage depth of cure are presented in Table 4 . For the top surface of the two composite specimens, the α-Light V and Hyper LII groups had significantly higher KHN values and the α-Light II group had a significantly lower KHN value. For the bottom surface of the specimens, the Hyper LII group had a significantly higher KHN value and the α-Light II group had a significantly lower KHN value. The percentage depth of cure was 74.1-83.0% for Cesead N and 84.9-92.6% for Solidex Hardura. Table 5 shows the results of three-point flexural strength testing. For the two composite materials, flexural strength did not significantly differ among the five units (categories q and r). However, the elastic modulus of the α-Light II and Hyper LII units (categories s and t) significantly differed for Cesead N.
Flexural strength and elastic modulus
Discussion
The α-Light V and Hyper LII units had the highest light intensities of the five units ( Table 2 ). The graphs of the three LED units exhibit multiple peaks (Fig. 1 ). The first peak was located within the visible violet light range of 390-425 nm, and the second peak was located within the visible blue light range of 445-500 nm. Cook reported that the light wavelength range of 410-500 nm was the most effective for composite curing (10) . Nomoto reported that the light wavelength of 470 nm or a wavelength range of 450-490 nm was effective for polymerization of methylmethacrylate monomers initiated with camphorquinone (11) . Therefore, the present three LED units would likely efficiently polymerize composite materials containing camphorquinone. Uhl et al. reported that short wavelength light (<410 nm) is likely to be absorbed at the photoinitiator of diphenyl (2,4,6-trimethylbenzoyl) phosphinoxid (Lucirin TPO) (12) . The three LED units might also polymerize composites containing Lucirin TPO. This study evaluated hardness and flexural strength of two indirect composites polymerized with five laboratory polymerization units. The α-Light V and Hyper LII yielded the highest KHN values (categories c and j; Table  4 ) for the top surface, while the LED Cure Master and Twinkle LED yielded KHN values for the top surface that were equal to or higher than the that of conventional polymerization unit (α-Light II). In contrast, flexural strength did not significantly differ among the five laboratory units (categories q and r, Table 5 ).
The sufficiency of polymerization of a composite can be analyzed by several methods, such as measurement of KHN and monomer conversion. KHN is a good index of the efficacy of a light source, and the degree of conversion and hardness were strongly correlated (13) . Therefore, KHN was used in this study as an index of the effectiveness of laboratory polymerization unit light sources for indirect composites. As shown in Table 3 , the light intensity values (at 400-500 nm) of the α-Light V and Hyper LII units were significantly higher than those of the other three units. Similarly, for the top surface of the two composite specimens, the α-Light V and Hyper LII groups yielded the highest KHN values ( Table 4 ). The rank order of light intensity of the units was similar to that for the KHN values for the top surface. Therefore, the present results are consistent with those of previous studies of the relation between the hardness of indirect composites and light intensity of laboratory polymerization units (3, 4) .
Previous reports indicate that the bottom surface should be at least 80% as hard as the top surface (14, 15) . The Solidex Hardura composite exceeded this 80% threshold for all five units, whereas the Cesead N composite exceeded 80% for the α-Light II and Hyper LII units but not for the three LED units. In general, micro-filled resin-based composites are more difficult to polymerize because their small filler particles diffuse the light that is effective for polymerization (16) . The difference in filler type between the two composites may explain the present result.
Indirect composites are subject to masticatory stress, and flexural strength is a mechanical indicator of indirect composites. The present results for flexural strength showed no clear difference among polymerizing units or between the two composites.
In summary, the Cesead N and Solidex Hardura composites were sufficiently polymerized with the laboratory LED units. 
